The default quantisation algorithms in the state-of-the-art High Efficiency Video Coding (HEVC) standard, namely Uniform Reconstruction Quantisation (URQ) and Rate-Distortion Optimised Quantisation (RDOQ), do not take into account the perceptual relevance of individual transform coefficients. In this paper, a Frequency-Dependent Perceptual Quantisation (FDPQ) technique for HEVC is proposed. FDPQ exploits the well-established Modulation Transfer Function (MTF) characteristics of the linear transformation basis functions by taking into account the Euclidean distance of an AC transform coefficient from the DC coefficient. As such, in luma and chroma Cb and Cr Transform Blocks (TBs), FDPQ quantises more coarsely the least perceptually relevant transform coefficients (i.e., the high frequency AC coefficients). Conversely, FDPQ preserves the integrity of the DC coefficient and the very low frequency AC coefficients. Compared with RDOQ, which is the most widely used transform coefficient-level quantisation technique in video coding, FDPQ successfully achieves bitrate reductions of up to 41%. Furthermore, the subjective evaluations confirm that the FDPQ-coded video data is perceptually indistinguishable (i.e., visually lossless) from the raw video data for a given Quantisation Parameter (QP).
Introduction
The HEVC standard [1, 2] includes finite precision integer approximations of the Discrete Cosine Transform (DCT) and the Discrete Sine Transform (DST) [3, 4] . DCT and DST transform the intra prediction and inter prediction residual data from the spatiotemporal domain into the frequency domain. The DCT and DST basis functions correspond to the MTF characteristics of the Human Visual System (HVS). The DC transform coefficient and the low frequency AC transform coefficients contain the most important energy in terms of how a human observer perceives the reconstructed video data. Note that the primary objective of uniform scalar quantisation in HEVC is to discard perceptually irrelevant high frequency AC coefficients. This is because the HVS is not particularly sensitive to small gradations (i.e., imperceptible distortions) in quantised high frequency data. URQ is the default uniform quantisation technique in HEVC [5, 2, 4] ; it quantises luma and chroma Cb and Cr transformed residual values (i.e., after the DCT and DST linear transformations). URQ applies equal levels of quantisation to all transform coefficients in luma and chroma TBs irrespective of the frequency sub-band in which a coefficient resides. The level of quantisation applied to a TB is determined by a Quantisation Step Size (QStep) value, which is controlled by an integer QP. URQ is not perceptually optimised, thus leaving room for improvement. RDOQ [6, 7] is a more sophisticated approach to quantisation compared with URQ alone. The core objective with the RDOQ technique is to establish an optimal quantisation level for each transform coefficient in luma and chroma TBs. RDOQ measures the quantisation-induced distortion and also the number of bits required to encode the corresponding quantised transform coefficient. Based on these two values, the RDOQ chooses an optimal coefficient value, which is determined by finding an appropriate trade-off between bitrate and quantisation-induced distortion (known as the rate-distortion cost). RDOQ is widely adopted and, as such, it is the default quantisation technique utilised in both HEVC and H.264 (in combination with URQ). Due to the wide adoption of RDOQ in combination with URQ, Quantisation Matrices (QMs) are seldom utilised in contemporary HEVC applications. Although RDOQ can be considered as an advanced coefficient-level quantisation technique, it has been designed with a significant emphasis on improving mathematical reconstruction quality, as quantified by PSNR (compared with URQ and quantisation matrices, for example). Moreover, RDOQ is not perceptually optimised; it does not take into account HVS-related psychovisual redundancies.
The proposed FDPQ method is a perceptual coding scheme designed specifically for visually lossless compression in video coding applications. FDPQ is an MTF-based and perceptual compression variant of our previously proposed adaptive quantisation method in [8] . Whereas the technique in [8] increases the mathematical reconstruction quality of the compressed video data, FDPQ decreases video reconstruction quality in order to achieve considerable bitrate savings. Moreover, note that the experimental setup employed to evaluate FDPQ in this paper is also utilised in the unpublished thesis in [9] . FDPQ exploits the well-established MTF characteristics of the HVS as per the DCT and DST linear transformation basis functions utilised in the frequency domain (during the residual coding process). According to Parseval's theorem, the Euclidean distance between two points in a spatial domain is the same as the corresponding distance in the domain of a linear transformation (e.g., DCT). As such, by employing a Euclidean distance parameter in the frequency domain, FDPQ takes into account the distance of Y, Cb and Cr AC coefficients from the corresponding DC coefficient. In other words, FDPQ quantises more coarsely the least perceptually relevant transform coefficients (i.e., the high frequency AC coefficients). In addition, FDPQ preserves the integrity of the DC coefficient and thus facilitates a reduction of non-zero quantised AC coefficients. For this reason, the perceptually irrelevant quantised AC coefficients can be compressed more efficiently during the entropy coding process (i.e., via CABAC). The proposed method is compatible with raw video data of any bit depth and any YCbCr chroma sampling ratio. The objective evaluations reveal that FDPQ attains noteworthy bitrate reductions and, furthermore, the subjective evaluations show that the FDPQ-coded data is perceptually indistinguishable from the raw data (at QP = 17 and QP = 22) in all tests.
The rest of the paper is organised as follows. Section 2 includes background information relevant to the proposed method. In section 3, the proposed technique is presented. In section 4, thorough subjective and objective experimental evaluation results are presented and discussed. Finally, section 5 concludes the paper.
Related Background
To recapitulate, HEVC includes finite precision integer approximations of the DCT and the DST [3, 4] . These techniques transform intra prediction and inter prediction residual data from the spatiotemporal domain into the frequency domain. Recall that the DC transform coefficient and the low frequency AC transform coefficients contain the most important energy in terms of how the HVS perceives the reconstructed video data. As such, after intra prediction and/or inter prediction, DCT and DST are applied to the corresponding residual signals, from which transform coefficients are derived. More specifically, the DCT is applied to intra residual luma and chroma residual blocks of size 8×8 to 32×32. For inter-predicted residuals, the corresponding integer approximation of DCT is utilised on 4×4 to 32×32 luma and chroma residual blocks. Note that, for 4×4 intra residue, the DST is utilised instead of DCT. Recall that the integer DCT and DST schemes in HEVC exploit the MTF characteristics of the HVS. This is achieved by compacting the energy of luma and chroma prediction residual samples into the DC coefficient and the very low frequency AC coefficients.
As previously mentioned, it is well known that the DC coefficient and the low frequency AC transform coefficients are more important than the high frequency AC coefficients (in terms of how the reconstructed signal is perceived by the HVS). Because each coefficient frequency sub-band in a TB constitutes a different level of perceptual importance in a compressed video signal [10] , the distance of AC coefficients from the DC coefficient can be quantified in terms of Euclidean distance. That is, the DC coefficient is the starting point and the distance of each AC coefficient from the DC coefficient represents the perceptual importance of the current AC coefficient.
Recall that URQ is the default uniform quantisation method in HEVC. Assuming that chroma QP offsets are not employed in HEVC, the QStep computation for luma data is identical to the QStep computations applied to chroma Cb and Cr data. 
where QP Y , QP Cb and QP Cr correspond to the integer luma and chroma Cb and Cr QP values, respectively; they are defined in (4) to (6), respectively. 
In terms of the quantisation of luma and chroma transform coefficients in HEVC and the association of the QP and QStep with the Multiplication Factor (MF) and the Scaling Factor (SF), the quantised transform coefficient within an N×N TB, denoted as t, is computed in (7):
where C denotes the transform coefficient, m corresponds to the MF associated with the QP and o refers to the offset corresponding to the error level incurred by quantisation rounding including the level of deadzone; o = 2 18 . Variable N denotes the N value of an N×N TB [1, 2] . QStep values are integer approximated in HEVC. The inverse quantised transform coefficient, denoted as C', is computed in (8):
where s is the SF employed for inverse quantization. The URQ method in HEVC is designed such that coefficients in a TB are equally quantised according to the frame level QP; therefore, a single QP value is applied to an entire TB of transform coefficients. MF m and SF s can be computed in (9) and (10), respectively. RDOQ, which is dependent on URQ, is enabled by default in the JCT-VC HEVC HM software [11, 12] ; it is, therefore, the default quantisation technique when following the common test conditions. RDOQ is a soft decision quantisation method that individually quantises coefficients in both luma and chroma TBs. This is achieved by minimising the rate-distortion Lagrangian cost function [13] . RDOQ is designed to search for an optimal set of quantised coefficients in order to establish a suitable trade-off between bitrate and quantised induced distortion; as such, a calculation for each transform coefficient is performed separately. In essence, RDOQ manipulates the quantised transform coefficients according to the final RD performance [6, 7] ; therefore, it significantly outperforms URQ in terms of reducing bitrates.
In luma and chroma TBs of size N×N, each transform coefficient C with RDOQ is quantised to three level values, which are as follows: 0, l 1 and l 2 . According to [6] , for each transform coefficient position in a TB, the Lagrangian cost of each value of C is calculated when the quantisation level value, denoted as l i , is equal to 0, l 1 or l 2 . When C is quantised to value l i , the Lagrangian cost J (λ, l i ) is computed as follows in (11):
where λ denotes the Lagrangian multiplier (the value is computed in [6] , where r denotes the quantisation error if C is quantised to level l i and where b corresponds to the number of bits required to code l i . Variables l 1 and l 2 are computed in (12) and (13), respectively.
Recall that m is the MF, as computed in (9) . The final quantised level, denoted as q, is computed in (14) . Therefore, the Lagrangian cost function is updated to J (λ,q). A notable drawback of RDOQ is the computational complexity associated with the rate-distortion decisions it carries out. Recall that it is designed primarily to select an optimal quantisation level, with (11) , to find a suitable trade-off between rate and distortion; this process alone requires significant computational complexity [7] .
Proposed FDPQ Technique
FDPQ has been designed to achieve visually lossless coding at low bitrates. By decreasing the MF, the corresponding larger QStep value is employed primarily for quantising high frequency AC coefficients more aggressively, thus giving rise to perceptual quantisation. More specifically, the level of quantisation applied to each luma and chroma transform coefficient is modified indirectly by weighing -and subsequently decreasing -the corresponding MF value according to a normalised Euclidean distance parameter (see an example in Figure 1 ) [8] . The distance parameter is a constituent of an exponentially decreasing function. That is, it is employed for decreasing the MF and subsequently increasing the levels of quantisation applied to each AC coefficient.
As previously mentioned, FDPQ quantises high frequency AC coefficients much more aggressively than the corresponding DC coefficient and the low frequency AC coefficients. The level of quantisation applied to an individual AC coefficient is modified according to its position in relation to its Euclidean distance from the DC coefficient. An important feature of FDPQ is the fact that the distance parameter values change according to the size of the luma and chroma TBs (from 4×4 to 32×32 samples per TB), which constitutes an adaptive component of the proposed method. In terms of experimentation: due to the ubiquitous adoption of RDOQ, FDPQ is compared with RDOQ in the objective and subjective evaluations. Moreover, comparing the performance of FDPQ with RDOQ also implies comparing FDPQ with URQ; this is because RDOQ always significantly outperforms URQ. The proposed technique reduces non-zero quantised coefficients. Therefore, a significant decrease in bitrates can be accomplished without incurring a perceptually discernible reduction in reconstruction quality; this is confirmed in the objective and subjective evaluations. To reiterate, FDPQ is designed with the core objective of modifying the MF m, such that the resulting modified MF value, denoted as m', increases the QStep applied to each AC transform coefficient according to its distance from the DC coefficient, thus allowing for an efficient encoder side implementation. Note that, in the proposed FDPQ technique, modified MF m' in (15) replaces unmodified MF m in (9) . The modified MF m' is computed in (15):
where w corresponds to an exponentially decreasing function weight. Recall that w modifies the MF for transform coefficients in both luma and chroma TBs; weight w is quantified in (16):
where d is the normalised Euclidean distance between the position of the current AC transform coefficient in an N×N TB. Variable d is calculated in (17):
where (x 1 , y 1 ), (x 2 , y 2 ) and (x max , y max ) represent the (x,y) coordinates of the DC coefficient, the current coefficient and the farthest AC coefficient, respectively. The DC coefficient is at position x = 0, y = 0 in both luma and chroma TBs.
The proposed technique is suitable for, and can be utilised with, the current scan patterns used for CABAC entropy coding in HEVC (see Figure 2 ). Furthermore, it is important to reiterate the fact that FDPQ is compatible for utilisation with luma and chroma TBs of any size (i.e., from 4×4 samples to 32×32 samples). The SF for the inverse quantisation process, denoted as s', is computed in (18): 
Note that the values of m in (9) and w in (16) are available at the decoder side. MF m is known from the bitstream after entropy decoding with CABAC; moreover, distance parameter d is determined by the transform coefficient location in luma and chroma TBs. Therefore, the value for s' employed in the encoder loop for generating reference frames is the same value as s' at the decoder side. As such, this allows for an efficient and low complexity encoder side implementation of FDPQ; i.e., all of the values associated with FDPQ are signalled to the decoder in the Picture Parameter Set (PPS).
In relation to the FDPQ, note that the quantisation and inverse quantisation procedures are identical for all TB sizes (i.e., from 4×4 samples to 32×32 samples). It is important to mention that weight w, by decreasing the MF, indirectly increases the QP value for each AC transform coefficient without the need to analyse multiple QPs (as is the case with RDOQ). Consequently, this can give rise to improvements in terms of computational complexity reductions and runtime decreases.
In addition to the primary objective of achieving perceptual quantisation (i.e., significant decreases in bitrates compared with RDOQ and URQ), another objective is to ensure that computational complexity and the associated encoding and decoding runtimes are not increased. As is the case with URQ, the computational complexity of FDPQ is computed in linear time T, as computed in (19):
Like URQ, the computational performance of FDPQ is directly proportional to the number of transform coefficients being processed in each luma and chroma TB. FDPQ reduces the number of non-zero quantised transform coefficients, which may give rise to faster entropy coding and decoding times compared with RDOQ. This is because fewer non-zero coefficients results in an encoded bitstream with fewer bits. 
Experimental Evaluations, Results and Discussion
It is important to note that the following evaluation procedure was previously utilised in the unpublished thesis in [9] and, in addition, in our previously published work in [14] . With this mind, FDPQ is evaluated and compared with RDOQ [6, 7] , which, to reiterate, is the default quantisation technique employed in HEVC. Note that RDOQ, by definition, always significantly outperforms URQ in terms of coding efficiency. Therefore, comparing FDPQ with RDOQ also implies comparing FDPQ with URQ.
To evaluate the efficacy of FDPQ, an exhaustive evaluation procedure is undertaken.
The objective visual quality evaluations correspond, as closely as possible, to the Common Test Conditions and Software Reference Configurations recommended by JCT-VC [15, 16] . The experimental setup utilised in this paper includes testing the proposed technique with five initial QP data points (i.e., QPs 17, 22, 27, 32 and 37) and the All Intra (AI) and Random Access (RA) encoding configurations [15, 16] .
Because the proposed technique is optimised for perceptual compression, it is of significant importance to undertake exhaustive subjective visual quality evaluations (in addition to the aforementioned objective visual quality evaluations). Therefore, a United Nations' ITU-R standardised subjective evaluation procedure [17] is employed. The subjective visual quality evaluations are the most important set of experiments in terms of measuring the visual quality of perceptually compressed video sequences (especially so when targeting low bitrates in visually lossless coding techniques).
In the objective visual quality evaluations, the Structural Similarity Index (SSIM) [18] and the PSNR visual quality metrics are employed to assess the reconstruction quality of the compressed video frames; i.e., in the sequences coded by FDPQ and the reference technique (RDOQ). The SSIM and PSNR values presented in this paper correspond to objective spatial reconstruction analyses of the intra-frames (in the AI tests) and also the inter-frames -in addition to the intra key frames -(in the RA tests), per sequence. In other words, the mean SSIM and PSNR values are computed by comparing the coded frames, using initial QPs 17, 22, 27, 32 and 37, with the frames in the raw data; this is carried out in bitmap image form for each sequence and each QP. On the aforementioned hardware used in the experimental setup, note that, due to the higher dynamic ranges and the increased levels of chroma saturation in the raw YCbCr 4:4:4 and 4:2:2 10-bit sequences, the superior visual quality of this data is perceptually discernible in comparison with the chroma subsampled raw 4:2:0 8-bit sequences. The main objectives of the subjective evaluations are as follows: i) to establish if the proposed technique achieve visually lossless coding -compared with the raw video data -at low bitrates; ii) to ascertain if the proposed technique outperforms, or matches, the performance of the reference technique (RDOQ) in terms of visual quality. To reiterate, the directions of the internationally standardised United Nations' ITU subjective evaluations entitled: Subjective Video Quality Assessment Methods (ITU-R Rec. P.910 [17] ) are followed as closely as possible. In ITU-R Rec. P.910, the following conditions are recommended: Number of Individuals ≥ 4 and ≤ 40; Viewing Distance: 1-8 × H, where H is the height of the TV/VDU; Quantify the Mean Opinion Score (MOS) -see Table 2 ; Spatial and Temporal Video Analysis.
MOS Visual Quality Difference
In accordance with the recommended conditions specified in the ITU-R Rec. P.910 subjective evaluation procedures, four individuals participated in an exhaustive assessment (AI and RA tests at QP 22, 27, 32 and 37). Note that two additional individuals participated in preliminary subjective evaluations (AI and RA tests at QPs 17 and 22 only). The viewing distance of the participants from the TV/VDU is 1.5m in all evaluations (1.5m ≈ 59.1 inch). The height H of the TV/VDU is 15.7 inch and the viewing distance is approximately 4 × H (see Figure 10 ). Concerning the two additional subjective evaluations, the objective is to ascertain if FDPQ achieves visually lossless coding (MOS = 5) in the AI and RA tests at QPs 17 and 22 only. To this end, the participants confirmed that an MOS = 5 was recorded in these additional subjective evaluations.
In terms of the bitrate reductions achieved by FDPQ versus RDOQ, Table 3 shows that the highest bitrate reductions in the AI tests are attained on the BirdsInCage 4:4:4 and OldTownCross 4:4:4 sequences -see Figure 11 . Similarly, the highest overall bitrate reductions accomplished (RA tests) by FDPQ are gained on the BirdsInCage 4:4:4 and OldTownCross 4:4:4 sequences with overall bitrate decrease of 41% and 34.7%, respectively. Over five QP data points (i.e., initial QPs 17, 22, 27, 32 and 37) using the AI and RA encoding configurations, high bitrate reductions are attained by FDPQ in addition to accomplishing perceptually identical reconstruction quality. Figure 14) . The subfigures in Figure 13 highlight the structural luma and chroma reconstruction errors in the 'FDPQ versus the raw data' test conducted on the ParkScene 4:4:4 sequence. In comparison with the raw data, the structural reconstruction errors incurred by FDPQ in the Y, Cb and Cr channels are concentrated mostly in the high variance regions in each channel. In spite of these quantisation-induced errors in the FDPQ-coded sequence, visually lossless coding is achieved in the AI and RA QP = 22 tests, as confirmed in the subjective evaluations. Compare the subfigures in Figure 14 for a visual example. In terms of the mathematical reconstruction quality of the compressed video data, as shown in Table 4 and Table 5 , the SSIM values for the FDPQ-coded sequences are not significantly different from those of the RDOQ-coded sequences. In most cases, the SSIM values for the RDOQ-coded sequences are higher. However, these results do not reflect how the subjective evaluation participants perceived the visual quality of the compressed video sequences. That is, the differences in mathematical reconstruction quality, as quantified by SSIM, are perceptually indiscernible according to the subjective evaluations conducted. The proposed FDPQ method and RDOQ operate in a comparable manner. Therefore, the structural reconstruction quality is relatively similar in both FDPQ-coded sequences and RDOQ-coded sequences. Recall that RDOQ establishes a suitable trade-off between the bitrate and compression-induced distortion; this is achieved by minimising the rate-distortion Lagrangian cost function. Consequently, higher levels of quantisation are applied to high frequency AC coefficients in luma and chroma TBs. Similarly, FDPQ, with the proposed Euclidean distance parameter approach, ensures that high frequency AC coefficients are quantised to a much higher degree than the DC coefficient and the low frequency AC coefficients. Overall, the mathematical reconstruction quality of the RDOQ-coded sequences, as quantified by SSIM and PSNR (see Table 4 to Table 7 ), proved to be superior in the vast majority of cases. However, according to the MOS results obtained via the subjective evaluations, the participants did not notice any perceivable visual quality differences between any of the FDPQ-coded sequences and the RDOQ-coded sequences (see Table 8 ). This provides evidence that comparatively high SSIM and PSNR values do not necessarily equate to superior perceptual quality. Furthermore, this observation pertains to the fact that subjective evaluations are critically important in terms of robustly assessing HVS-orientated perceptual coding techniques. Table 8 and Table 9 tabulate the rounded MOS for the four subjective evaluation participants. Table 8 includes the MOS results for 'FDPQ versus RDOQ' and Table 9 shows the MOS results for 'FDPQ versus the raw video data'. As shown in Table 8 , the subjective evaluation participants were unable to detect any perceptually discernible differences between the FDPQ-coded sequences and the RDOQ-coded sequences. An MOS value of 5 is recorded for all tests on all sequences (i.e., the AI and RA tests using initial QPs 17, 22, 27, 32 and 37 on the 4:2:0, 4:2:2 and 4:4:4 versions of each sequence).
The MOS results tabulated in Table 8 are significantly different from those shown in Table 9 . Visually lossless coding is achieved by FDPQ in all of the RA QP = 22 tests. Similarly, in almost all of the AI QP = 22 tests, visually lossless coding is accomplished by FDPQ. It is important to note that, in certain QP = 27 tests including the RA QP = 27 tests conducted on the BirdsInCage 4:4:4 and DuckAndLegs 4:4:4 sequences, visually lossless coding is attained by FDPQ; this is significant from a bitrate reduction perspective. Recall from Table 3 (and compared with RDOQ), FDPQ attains 39.4% and 32.8% bitrate reductions when applied to the BirdsInCage 4:4:4 sequence and the DuckAndLegs 4:4:4 sequence, respectively. In the vast majority of cases, the FDPQ-coded sequences using the RA encoding configuration -i.e., the RA Group Of Pictures (GOP)-based inter coding tests -were perceived to be vastly superior compared with the sequences coded using the All Intra configuration. This is because motion data with GOP-based inter coding in HEVC can be signalled with the utilisation of merge mode or by motion vector differences, picture reference indices and the direction of the inter prediction [19, 20] .
Recall that the 4:4:4 (and 4:2:2) versions of the BirdsInCage sequence and the DuckAndLegs sequence are high bit depth 30-bit sequences (i.e., 10-bits per channel).
Note that 30-bit video data contains a much larger number of colours per pixel compared with 24-bit video data (i.e., potentially up to 1024
In relation to the exhaustive experimental evaluations conducted in this paper, it is evident that visually lossless coding can be achieved without utilising complex psychovisual models in the frequency domain. Although FDPQ is a HVS-orientated technique that consists of perceptual considerations (i.e., quantising high frequency AC coefficient more coarsely than the DC coefficient and the low frequency AC coefficient), FDPQ is based on a conceptually simple adaptive Euclidean distance parameter. It is important to note that both FDPQ and RDOQ are not suitable for low bitrate All Intra coding applications, as confirmed in the subjective evaluation results for the AI QP = 37 tests (see Table 9 ). This is due to the fact that both FDPQ and RDOQ are designed, for the most part, to preserve the integrity of the DC transform coefficient and low frequency AC coefficients in luma and chroma TBs.
In accordance with the subjective evaluation results, the quantisation-induced compression artifacts incurred by FDPQ in the RA QP = 37 tests are considerably less conspicuous than those that were induced in AI QP = 37 tests. To reiterate, this is because GOP-based inter coding includes the signalling of important motion data in the bitstream; All Intra coding does not account for motion data or the spatiotemporal redundancies that exist between frames. Therefore, the visual quality of the reconstructed inter-coded sequences -for both FDPQ and RDOQ -is significantly superior compared with the corresponding intra-coded sequences.
Conclusion
In this paper, a novel coefficient-level perceptual quantisation technique, named FDPQ, has been proposed. FDPQ applies coarse perceptual quantisation to high frequency AC coefficients in the frequency domain by exploiting the MTF characteristics of the HVS. By utilising a novel distance parameter, FDPQ measures the distance of an AC coefficient from the DC coefficient and subsequently discards the perceptually insignificant AC coefficients from the high frequency sub-band in the frequency domain. Compared with the ubiquitous coefficient-level quantisation technique known as RDOQ, FDPQ attains considerable bitrate reductions of 41% without incurring a perceptually conspicuous decrease of visual quality in the compressed video data. The experimental evaluation results, in both the objective and subjective evaluations, highlight the fact that FDPQ is vastly more effective on high bit depth and full chroma sampling video data (i.e., YCbCr 4:4:4 10-bit data). With relevance to perceptual quantisation applications, this observation may give rise to new lines of research as regards the potential importance of chroma sampling and the bit depth of raw YCbCr data. In terms of runtimes, no significant differences are observed; slight reductions in encoding times and decoding times are achieved by FDPQ.
